T HE HYDROBLOW PHENOMENON occurs when there is a sudden change in the flow rate of transported fluids. A shock wave, which is formed at the place where the flow changes, travels along the pipeline, interacting with equipment and dying down according to a specific law. It is rather labour-intensive, and takes a considerable amount of time, numerically to analyse the wave processes in order to draw up maximum-pressure diagrams. A substantial quantity of information obtained from numerical calculation using difference schemes is as yet unused. The aim of the present study is to find an analytical approach for constructing a maximum-pressure-envelope curve.
D
RAG REDUCING AGENTS ARE conventionally used to increase the throughput capacity of a pipeline; alternatively, they are used to reduce the operating pressure when pumping. The reduction in operating pressure in turn leads to decreased energy expenditure for work overcoming flow resistance during pipeline transport. In both cases, the aim is achieved by reducing the flow resistance in the pipeline.
Mathematically, the difference between the equations describing isothermal onedimensional flow in liquids with and without additives lies in the magnitude of shearing stress on the pipeline wall. A discontinuity in shear stress occurs at the interface between the two liquids, which moves with the velocity of the liquid. This means that the interface has all properties of a weak contact discontinuity. Under the impact of the shock wave, this discontinuity does not generate a reflected shock wave.
The weak discontinuity (a derivative discontinuity) is reflected at the interface location by a dogleg in the hydro-slope line. The wave processes in a liquid containing a DRA and in a liquid without additives differ in the degree of wave attenuation. In a fluid containing DRAs, where other conditions are equal, the wave process will occur more intensively.
The degree of shock-wave attenuation in a long pipeline depends on many of its parameters and on the properties of the pumped fluid. Describing them in real terms is an important, expensive, and sizeable task. Many methods of assessing the state of trunk oil and petroleumproduct pipelines are based on the principle of recording wave disturbances. Thanks to systems of dispatcher control and management, quantitative characteristics can be obtained for the behaviour of distributed hydraulic parameters in extended systems under real conditions. This situation makes it possible to improve the quality of mathematical modelling for these systems and, in many cases, to replace full-scale experiments with numerical ones.
A theoretical solution to the problem of shock-wave-amplitude attenuation in pipelines was obtained before this study [1] . It will be discussed briefly in this article, and then numerical-calculation data will be analysed and compared using a difference scheme and partial analytic dependences (both already available and obtained in the course of this study).
The numerical analysis of DRA impact on wave processes in real oil and oil-product pipelines is associated with the necessity of considering a large number of variants, and is connected with a significant amount of computational work. A method and an analytical tool must be obtained which will make it possible to quickly and easily give a reliable estimate of the change to wave-attenuation magnitude, when the properties of the pumped liquid change (depending on the presence or absence of DRAs). Particular analytical solutions allowed such a method to be formulated.
Simplified theoretical solution
The wave-amplitude attenuation along the length of a pipeline with weakly compressible liquid in laminar flow can be estimated according to Equns 1 and 2:
where DP = the hydroblow wave amplitude DP 0 = the initial hydroblow wave amplitude c = the speed of sound according to Zhukovsky Q 0 = the liquid volumetric flow rate ahead of the wave front d = the internal diameter of the pipeline l 0 = the hydraulic resistance factor ahead of the wave front |x| = the distance travelled by the wave front from its initial position
It should be kept in mind this relationship is obtained for laminar-flow regimes (ahead of the wave front and behind it), for which DRAs are deliberately not used (as they have zero efficiency). However, it may be of interest to assess the possibility of using Equn 1 for turbulent-flow regimes, including for liquids containing DRAs. Parameters relating to liquids with an additive and without an additive will be denoted respectively as superscript A and Ο. Wave propagation will now be examined for liquids with an additive and without an additive, given identical flow characteristics, both ahead of the hydroblow wave front, and behind it. According to Zhukovsky's formula, the identical nature of flows in the hydroblow wave by flow rate is guaranteed under the condition
Taking into account the condition of liquid flow identity according to the flow rate, the following relationship results from Equn 1:
where y Q is the hydraulic efficiency of an additive at a constant flow rate [3] x O and x A are two points ensuring parity
Taking into account the previous relationship, equalities can be obtained for recalculating the hydroblow wave amplitude depending on the distance travelled by the wave front and using Ewun 2 (below).
Therefore, where calculations for one of the liquids are available, the attenuation of the waves' amplitude in another liquid can be formally recalculated using relationships Equn 2. It can be clearly seen that where relationship Equn 1 is applicable for turbulent regimes, it could also be used both for estimating the calculated values of DP A or DP O , for an experimental assessment of DRA efficiency. To do this, it is sufficient to generate a wave of controlled amplitude at some point in the pipeline with moving liquid, and to measure the amplitude of the same wave at another point, which is located at distance L from the first one. The required result gives the relationship shwn in Equn 3 (below).
When using Equn 3, it should be kept in mind that L = 0 is a singular point. Since transient regimes are closely related to wave processes, the method for determining the hydraulic efficiency of an additive using Equn 3 may prove to be preferable for calculating unsteady movement in a liquid containing DRAs. This can be done using software packages (SPs), which use simplified versions of balance ratios for hydro-elasticity. The main weakness of this method is the necessity of generating hydroblow itself.
Since Zhukovsky's formula is formally applicable for the depressurization shock wave as well, it can also be used for experimental assessment of DRA efficiency. It should be kept in mind that the actual depressurization wave is a centred wave, and this must be taken into account when assessing the range of applicability.
Numerical experiment
The level of inaccuracy when analytical relationships Equns 1 or 3 are used in a turbulent-flow regime can be estimated using existing SPs when applying numerical calculations of transient processes. These SPs use the same mathematical flow model on which the indicated ratios are based. In this case, instead of the empirical value for wave amplitude, it is sufficient to use the virtual wave amplitude obtained using SP.
The validity of applying Equns 1 and 2 can be judged from Fig.1 , which shows the results of the transient process numerical calculation in a model horizontal pipeline using the Cassandra SP. For this calculation, the following initial data were selected: As follows from the calculation results shown in Fig.1 , the relationship in Equn 3 for turbulent flows in pipelines can give an error level of more than 9%. In other words, the result following from the assumption λ λ 0 0 u u = Φ Φ (author's notations [2] are retained) is rather rough for turbulent flow regimes and must be adjusted. These adjustments can be made in two ways:
• the relationship in Equn 1 is preserved and a selective choice is made for the point corresponding to target value Ψ • an analogue of relationship in Equn 1 is presented without the assumption λ λ
In view of its greater generality, the second option is further considered as part of a simplified model for the flow of an incompressible viscous liquid, formulated in Ref.1, which subsequently found wide application in the hydraulics of pipeline liquid transportation.
Refined analytical solution
The model given in Ref. 
where p, r, and u are the pressure, density and velocity of the liquid, respectively.
Zhukovsky's classic equations for the problem of hydraulic impact [4] , in contrast to the equations Equns 4 above, also contain the convection components of the total time derivatives for functions p and w:
An approximate analytical solution of the system in Equns 5 is used to study the phenomenon of hydraulic impact in [4] , and is nevertheless an exact solution to Equns 4. The latter situation, apparently, served as the basis for the previously mentioned author's assertion [1] . The main weakness of Equns 4 is that, unlike Equns 5, they do not reflect the law of conservation of mass for the transported fluid. Accordingly, in the study of arbitrary one-dimensional non-stationary processes, the system of equations given in works [5, 6] 
(Equns 6, below) is preferable to Equns 4. In Equns 6:
Q p = puf = the mass flow rate K g = the liquid compression module E = the module of pipe wall material elasticity δ = pipe wall thickness f = the internal area of a pipe crosssection χ = the wetted perimeter of a pipe cross-section (β -1) is the Coriolis coefficient (a correction for unevenness in the velocity profile) z = the geodesic mark of the lower surface of the pipeline The term dx/dt =-c in the following condition is satisfied:
For the liquid flow ahead of the wave front, the following equation is used:
Re-writing the last equation considering Equn 8, the following is obtained:
Through simple transformations of Equns 7, 8 and 9, the following equation (Equn 10 -see over) can be obtained for the velocity of the liquid behind the shock wave front and velocity surge. 
Since the right-hand side depends only on the required function, u + and DU can be calculated from Equn 10:
The implied time-dependence of the velocity and of the liquid velocity surge behind the wave front is given in Equn 11. When calculating the value of DP, instead of Equn 7 it is appropriate to use the implied relationship obtained by analogy with velocity surge DU, given by Equn 12 (below).
Taking into account that the independent variables on the wave front are linked by the relationship x=-ct, Equn 12 can be presented as shown in Equn 12 (below).
Thus, for an entirely turbulent-flow regime, and the arbitrary relationship of the hydraulic resistance factor to the Reynolds number, it is necessary to use the implied relationship Equn 13 instead of Equn 1. Since the aim of this paper is to estimate the maximum absolute values of pressure which are reached when the initial stationary flow undergoes maximum deceleration, it is appropriate to single-out from relationship Equn 13 the case characterized by a turbulent-flow regime ahead of the hydroblow wave front (Re -> Re cr ) and by a laminar-flow regime behind the hydroblow wave front (Re + < Re cr ).
Taking the integral of Equn 13, in this case, and the solution is written as shown in Equn 14 (below).
Equation 14
gives the distribution of hydroblow wave amplitude where there is a sudden shut-off in the pipeline. It is a generalization of Equn 1 for a case of turbulent flow ahead of the wave front. It is easy to see that a similar relationship (Equn 14) may also be obtained for partial deceleration and reversed flow. For this, it is only necessary to take into account that the value of u+ at the moment of hydraulic surge formation is not zero. The domain of applicability of Equn 14 is given by the inequality Re+ < Re cr , which can be represented using Equn 11 as follows: Formulas for calculating hydroblowwave amplitude, taking into account attenuation because of hydraulic losses along the length of the pipeline section and flow by-pass through a pump station, are also available in Refs 7-11.
Using the notations accepted in this article, the relationship given Refs 7-9 is represented as: 
The following relationship is given in Refs 8 and 11:
where L = the length of the pipeline section DU(0) is the amplitude of the velocity wave in the place of formation
As has already been noted, Equn 14, in contrast to Eqns 17 and 18, is an exact solution (as a consequence of the initial system of partial-derivative differential equations). It can be used as an analytical test for numerical calculation of the initial system of equations.
The distinctive feature of Equn 14 compared to similar relationships is the difference in flow regimes ahead of the shock wave front and behind it.
Illustrative calculations
A graphic illustration of estimations for hydroblow wave amplitude attenuation using the relationships in Equns 14, 17, 18, and the Cassandra software package is shown in Fig.2 .
Calculations have shown that the numerical solution for liquid pressure at the shock wave front is almost identical (with deviation less than 1%) Fig. 2 The amplitude of the shock wave spreading upstream. The DRA influence can be analysed using Equn 13 similarly to the analysis using Equn 1. With the help of Equn 13, the applicability limits of the simplified relationship in Equn 1 can be defined more precisely and, in addition, numerical methods of calculation can be tested for an arbitrary flow regime.
When using Equn 14 instead of Equn 1, Equn 3 is adjusted as follows:
The validity of using Equn 19 for experimental calculation of additive efficiency can be seen in Fig.3 , which presents the results of numerical calculation of the transient process in a model horizontal pipeline using the Cassandra software package. Initial data are identical to those used in the calculations whose results are shown in Fig.1 .
Analysis of the results given in Fig.3 shows that, in its domain of applicability, the analytical solution (Equn 14) can be used for data processing to determine DRA efficiency using shock-wave experiments. Parametric calculations have shown that the error level for simulation options is not more than 1 %.
Conversion formulas for wave amplitude
Depending on the distance travelled |x|, conversion formulas for pressure at the hydroblow wave front are presented in Equns 20 and 21 (below), from liquid without DRA to liquid with DRA and vice versa, where DP О and DP A are determined according to Equn 14.
Considering that at the wave-front variables x and t are connected by the relationship x = ct, similar conversion formulas may be written to account for the time since wave formation. Another conversion formula can be obtained from Equn 14 by defining variable |x| separately for each liquid. The following relationship was formed after equating the expressions obtained:
The biggest differences in the behaviour of transient processes are usually localized on the borders of linear pipeline sections (except for gravity-flow sections). For this reason, the algorithms and hardware components of station-protection system should be analysed and, where necessary, adjusted. The numerical calculation of transient processes was carried out using the Cassandra SP. The SP's functional part is based on the acoustic approximation for the model of balanced laws of conservation for a weakly compressible isothermal fluid in an elastic pipeline, which is identical to the model used to derive the relationships in Equns 1 and 13. In the area of wave interaction (especially where counter-running waves interact), linearized hydrodynamic models can provide significant local imbalances of mass and momentum when using end-to-end calculations and, in particular, the Cassandra software package. Consequently, they may provide an inadequate description of the real process.
The issue of adequate mathematical description for non-linear waves in the transported hydrocarbon fluids is one of the central problems in mechanics, taking into account the influence of real factors. The error level in calculations is madeup of errors in the calculation model, the initial data, the reproduction of the pipeline configuration, and the accepted mathematical model for describing the fluid motion. The study in Ref.14 has shown that the linearization of the initial equations for unsteady fluid motion in pipelines has a significant error level when determining pressure (45-55 %) and velocity (40-70 %). It was established that the pressure values obtained through a linearized system depending on boundary conditions may deviate from the nonlinearized version on either side. In particular, for an instantly closing valve, calculation through a linearized system of equations gives pressure values lower than the corresponding pressure values when calculated through a non-linear system of equations. This condition should be kept in mind regarding numerical calculations of safe pipeline operating regimes. Assessing the impact of a particular type of error on the adequacy of the description of process parameters in a real pipeline requires special, time-consuming, analysis and is not considered here. As an alternative, virtual changes are considered in this paper, which are obtained on the basis of the same mathematical model. Valve closure (where there is by-pass through a pump station) was simulated by instant switching of the receiving tank with a set initial fill height to a tank with fill height corresponding to the pressure obtained from Zhukovsky's formula for instant valve closure. For the calculation, the results of which are shown in Fig.4 , the amplitude of a reverse hydroblow wave for a liquid containing DRA is 1.6 kgf/cm 2 higher than the wave amplitude of a liquid without additives. The parametric calculations confirm that the intensity of wave processes is higher in a liquid containing DRAs than in a liquid without them. It should be noted that this is relevant not only for a hydroblow wave, but also for depressurizing wave, which can lead to a complete halt in a pump station functioning due to protection activation. This points to the need to adjust algorithms and the hardware components of station-protection systems for pipelines when DRA use is intended. The calculation results obtained for model pipelines will be applied to real ones as well. With real (gradual) valve closure, the amplitude of the generated wave is characterized by a continuous profile, associated with the law of closure and the distance from the controlled cross-sections. This raises the issue of determining the rational law of closure for each mainline block valve to ensure safe pipeline operation. 
Conversion formulas for pressure distribution behind the wave front
the maximum pressure distribution during transient processes for trunk pipelines, including oil transportation using DRAs. Equations 22 and 23 can be used to determine the pressure at the characteristic points of the curve for pipeline load-bearing capacity. From Equns 14, 22, and 23, it follows that the pressure distribution in a hydroblow wave (formed at time t = 0 in section x = 0), spreading upstream, is written as shown in Equns 24 (below) for turbulent flow in the Blasius regime, where P(x) is the pressure distribution in the pipeline under hydroblow conditions; P st (x) is the stationary pressure distribution along the length of the pipeline, previous to the hydroblow; ∆P(x) is the amplitude distribution of the hydroblow wave along the length of the pipeline, which is calculated according to formulas (14), (21).
With the known function of distribution Pst(x), relationships (24) allow maximum possible pressures to be evaluated for oil pump stations shut-downs or instant section valve closures in linear pipeline parts, without performing numerical calculations in a system of differential equations in partial derivatives.
Stationary pressure distributions along the length of the pipeline, preceding the hydroblow, and conversion Equns 20 and 21, make it possible to obtain one of the distributions (a liquid containing or not containing DRA) in hydroblow conditions where only distribution for the other liquid is available. It would therefore be useful to supplement previous relationships with conversion formulas for stationary distributions. Taking into consideration Equn 9, it can be found that conversion formulas for stationary distributions are similar to Equn 2 are as follows:
Thus, Equn 24 and Equns 20, 21, and 25 make it possible to predict the impact of DRA on the overpressure in a hydroblow wave spreading upstream. The final relationships can be written as given inEquns 16 and 17 (overleaf).
If necessary, a more precise analytical evaluation can be obtained from the control calculation in the initial system of differential equations. The use of such a combined approach reduces the time to solve problems which require calculations involving multiple variants.
According to the relationships above, the 
conversion method of overpressure in the hydroblow wave comes down to making a transformation which converts one of the solutions for the amplitude of the shock wave into the other (i.e. an equivalence transformation). At the same time, we were limited by the transformation of the spatial independent variable
In general, the pressure-conversion method is formulated as the identification and application of the equivalent transformation, which converts the system of equations describing a liquid without a certain feature (a property), to the system of equations describing a liquid with this feature (and vice versa). 
Two-phase flows
Single-phase flows, discussed above, do not exhaust all the possible variants of 
transported hydrocarbon liquid motion in a real pipeline. For example, there are 'summit' points in pipeline routes with hilly or mountainous topographies, which are followed by a downstream flow discontinuities and transitions to two-phase flow with free surfaces (the pipe cross-section will not be completely filled with liquid). Many researchers have devoted their works to solving individual practical problems linked to calculating the flow rate, the filling degree of the pipe cross-section and the length of the gravity-flow section. It has been established that the zone of disturbance for two-phase flow at the inlet of a downhill section is longer (by one order or more) than that for single-phase flow. Under these circumstances, the additive can be expected to have a significant impact on the volume and length of the gravity-flow section, on the dynamics of formation and disappearance of vapourgas cavities in non-stationary processes, as well as in transition from one pumping mode to another. A section downstream the summit point is not hydraulically connected with the head section (before the summit point), meaning that disturbances with finite amplitude do not spread upstream towards the pumping station. Consequently, the procedure for assessing DRA impact in the head section does not differ from the previously examined scenario and is of no interest in terms of safe pipeline operation.
Conclusions
A new analytical solution was obtained for the pressure at the shockwave front in turbulent flows during pipeline transportation of weakly compressible liquids.
A method of recalculating shock pressure values was proposed for pipeline transportation of liquids where DRAs are used. Corresponding analytical relationships were presented. 
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